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Abstract. A technically efficient method for producing artificial raindrops is presented. 
This approach is based upon broad basic requirements to be adopted in the systems engineer- 
ing for an experimental investigation on watershed hydraulics. Modular construction of the 
raindrop-producing device is adopted, allowing variable time distribution and areal coverage 
of rainfall intensities from 0.75 to 13 in./hr. Theoretical and photographic comparisons are 
made for the formation and velocity determination of 0.126-in. (3.2mm) drops produced 
through polyethylene tubes of 0.023 in. ID. Procedures and formulas are given for making 
such determinations under other conditions. The proposed rainfall producer provides fast 
response to on-off commands and produces in the laboratory controllable simulated storms of 
flexible time and areai distribuiion patterns. 
Introduction. In experimentation of flow of 
water over watersheds under controllable con- 
ditions in a laboratory, it is necessary to use 
devices which can produce raindrops of desired 
sizes, intensities, and velocities, and of various 
time and areal distributions. In recent years 
many types of such devices have been pro-
posed, including sprinklers, nozzles, yarn, and 
hypodermic needles. Pearson and fMartin [I9571 
summarized the great variety of methods of 
producing raindrops that had been used to 
about 1957. Additional works by Mutchler 
[1962], Mutchler and Moldenhauer [1962], 
Palmer [1962], Cherry [1963], and Amorocho 
and Hart  [I9641 involved the use of various 
devices to apply rainfall to small laboratory ex- 
perimental areas. 
For the watershed experimentation under 
consideration, the required features for rain-
drops produced in the laboratory are as follows : 
1. Drop sizes comparable with those occur- 
ring in natural rainfall. 
2. Variation in rainfall intensity from 0.75 
to 13 in./hr. 
3. Flexibility in time and areal distribu-
tions, or ability to produce a storm of given 
pattern. 
4. Uniform application over a chosen modu- 
lar area. 
5. &uick responsc tr>alrmost instantaneous 
on-off commands of inflow supply. 
*Presented at the Fourth Western National 
Meeting of the American Geophysical Union at 
Seattle, Washington, December 28-30,1964. 
Most existing methods do not readily satisfy 
the above requirements, particularly that of a 
quick response to on-off commands of the in- 
flow. Sprinklers and nozzles only produce rain- 
drops of variable sizes and nonuniform areal 
distribution. The use of yarn and similar de- 
vices presents much difficulty in controlling 
rates of rainfall and in developing quick re-
sponse to on-off commands of inflow. Mamisco 
[I9521 used hypodermic needles fixed to the 
bottom of a reservoir constructed of steel plates, 
but the areal coverage for a given intensity was 
too large. Cherry [I9631 used pumps as supply 
units feeding a large number of long lengths of 
capillary tubing, but the control and pumping 
systems would be too costly to be used over an 
extensive area. 
Thought and experiments ah this point led 
to an investigation of forming raindrops from 
drilled holes in sheets of plexiglas, assuming 
that the drop size would be changed by altering 
the size of the holes. This was unsuccessful in 
controlling the drop size experimentally because 
of surface tension and the intricate mechanics 
of drop formation. It was then found that in- 
serting capillary tubes into the drilled holes 
the drop size, and -IslaprGve6tti be 
the best available means of producing raindrops. 
The raindrop producer. The raindrop pro- 
ducer developed for the watershed experimenta-
tion consists of four units mounted in a row on 
a steel frame (Figure 1). This particular ar-
'"ngement was used a preliminary of 
the proposed raindrop producer. In the final 
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watershed experimentation, the arrangement 
consists of 100 modules, each containing four 
wits mounted in a square. Figure 2 shows the 
construction details of ,one unit. The unit con-
sists of a 2-ft by 2-ft by I-in. box constructed 
of 3/8-in. plexiglas. The box is fabricated to 
be completely air-tight during operation. A 
3/8-in. opening leads into the center of the top 
face of the box, allowing us to regulate the sup- 
ply of water. To maintain the range of rainfall 
in tens it,^ commensurate with design require- 
ments and drop sizes, polyethylene tubes of 
0.023-in. ID are placed at  1-in. centers in the 
bottom face of the box. Each unit consists of 
576 raindrop-producing tubes. 
Any number of units can be fitted together 
to form a module which covers the smallest 
area of uniform rainfall application. A labora-
tory watershed area can be covered by a num- 
ber of modules so that rainfall application for 
storms of a given pattern may be effected by 
varying the rainfall application from each 
module. I n  the watershed experimentation 
under consideration, each module consists of 
four units, covering an area of 4 f t  by 4 'ft of 
uniform rainfall application. In the h a 1  experi- 
ment 100 modules are t o  be wed to create an 
area of 40 ft by 40 ft. 
The operation of the module or the unit 
forces the capillary tubes to  maintain a small 
head while the inflow valve is turned off. This 
small head is developed through the action of 
capillarity within the polyethylene tubes. The 
amount of head depends upon the surface ten- 
sion of water in contact with polyethylene. 
When inflow commences, the module or the unit 
performs as a reservoir and gives a rate of flow 
determined by the relative position of the in-
flow valve opening. This rate of flow is in- 
stantaneously distributed and dispersed by the 
capillary tubes installed on the lower face of 
the unit. Upon any increase or decrease of the 
rate of inflow, the capillary tubes react in-
stantaneously in the rate a t  which the drops are 
formed. In this manner any variation in time 
distribution of rainfall intensities can be ob-
tained simply by increasing or decreasing the 
inflow rate. The outside dimensions of the 
Fig.I. Four units of the proposed raindrop producer mounted in a row. 
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module used in the experiment were chosen to through the tubes will be 
conform with the requirements of the proposed 
study rather than with the limitation of any 
other factors. It is reasonable to expect that where I is the rainfall intensity in in./hr. For 
the size or shape of a module or unit may be the proposed range of rainfall intensity, the 
altered t o  suit any necessary restrictions im- flow will have an average velocity varying from 
posed by different design requirements. 0.042 to 0.725 ft/sec. The maximum Reynolds 
Mechanics of drop formation. As a drop be- number of the flow in the tubes is about 130,
gins to form on the tip of the capillary tube, which is far less than the critical value, and the 
the water adheres to the area of the tube be- flow may be assumed to be laminar. 
tween the inside and outside diameters. When The velocity distribution of the laminar flow 
the water is slowly fed to form the drop, the in the poIyethylene tubes assumes a parabolic
weight of the drop keeps the contact area of the profile. If no external pressure is exerted on the 
drop with the tube to a minimum. Figure 3 capillary tube, i.e., the capillary action sustains 
shows this process. The minimum area is gov- the head of water in the capillary tube, the 
erned essentially by surface tension and the pressure acting on the drop being formed is 
size of the capillary tube. distributed as the square of the local velocity 
During the proposed experimental runs, the v (in feet per second). The pressure can be 
rainfall intensity will range from 0.75 to 13 found by equating the kinetic energy of flow to 
in./hr. Since one unit of the raindrop producer the work done by the pressure : 
consists of 576 tubes and covers an area of 4 
fta, the average flow velocity in feet per second 
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where y is the unit weight of water, or about 
62.4 lb/ft3. Thus the dynamic force, Fv, acting 
t .  on the drop being formed is equal to the inte- 
I gration of the pressure over the cross-sectional 
i. area of the tube as shown in Figure 4, or 
L 

F. = ryd, '  ~7' /864~ (3) 
where d, is the inside diameter of the tube in 
inches. For d,  == 0.023 in. and V given by ( I ) ,  
+ha +LAf i . .A~: - -~  A n-.-.e nr,+;mm nm 
UAA- v u ~ u ~ ~ ~ l v a lups,, fu lb r  abuula v u  
being formed is 
The major forces involved in the formation of 
the drops a t  the tip of the capillary tube are 
shown in Figure 4, namely, F. for the force due 
to velocity of the flow in the tube, Fu for the 
force due to surface tension, and Fw for the 
force due to weight of the forming drop. If the 
drop shown in Figure 4 is considered a free 
body, we can show that the relationship be- 
tween the magnitudes of the forces determines 
whether drops are formed or a stream of water 
is produced. 
Obviously, free-forming drops are produced 
Fig. 4. Free body of a free-forming raindrop in 
process of formation. 
when Fv + F ,  < F,. A drop will be formed 
when F,+ Fw = F., i.e., when the force due to 
surface tension is large enough to sustain the 
weight of the forming drop plus the force due 
to velocity of the flowing water, As the relative 
magnitude of Fv/F, increases, a smaller drop is 
formed. It is evident in Figure 3 that the mini- 
mum area of contact is slightly below the tip of 
the tube. It may be assumed that the diameter 
of the minimum area is equal to the inside diam- 
eter of the tube. Thus, for a tube of given 
diameter, the force due to surface tension is 
fixed by the tube diameter, and its magnitude in 
pounds is 
where a is the surface tension of water in con-
tact with air having an average value equal to 
5 X 10" Ib/ft. Hence, for d t  = 0.023 in., (5) 
gives Fa = 30.1 x 10-Vb. A horizontal line 
showing this value of Fa is constructed in Fig- 
ure 5. In reality, the diameter of the minimum 
area seems to decrease as the rainfall intensity 
or the flow velocity increases, and the actual 
value of F,  may be represented qualitatively by 
the dashed curve. 
In the process of drop formation, the velocity 
a t  the end cross section of the tube is not zero 
but a function of the diameter of the cross sec- 
tion and the time. Approximately, the velocity 
can be assumed constant with respect to time. 
By momentum concept, the difference Fu - F ,  
is equal to the change of momentum during the 
process of drop formation and the latter can be 
shown to be equal to the dynamic force F,  re-
duced by an amount of momentum change due 
to growing of the drop. Since the drop volume is 
very small, its momentum change can be Ig-
nored. Thus, Fa - Fw = F,. The effect of mo- 
mentum change of the drop may account for 
the decrease of the minimum cross-sectional 
area with increase of rainfall intensity, however, 
as stated before and expressed by the dashed 
curve in Figure 5. 
From the above discussion, we see that a 
stream of water will be produced from the tip 
of the tube if F, + F ,  2 Fa. In Figure 5, the 
theoretical F, is plotted against rainfall inten- 
sity according to (4). In deriving (4), we as- 
sumed that Fv contains only the force due to the 
velocity of flow in the tube. Eowever, when the 
rainfall intensity reaches a certain magnitude, 
CHOW AND HARBAUGH 

Rainfall intensity, in./hr 

Fig. 5. Plots of F ,  and F, versus rainfall intensity. 

the pressure inside the box of the unit is in- 
creased to such an extent that it will not be 
diminished through the capillary tube but will 
increase the magnitude of F,. Therefore, the 
actual curve would show a higher F,  than the 
theoretical curve, particularly a t  high rainfall 
intensities. I t  is then assumed that the actual 
curve may take the form represented by the 
dotted line. 
The use of the theoretical curves for F8 and 
F,  is somewhat limited ..to qualitative interpre- 
tation of the phenomenon because we' lack 
quantitative knowledge of. the actual process of 
forming either' drops or a continuous stream of 
water. Experiments in the laboratory with the 
Mutchler, Mutchler -Moldenhauer Data 
University of Illinois Data 
s observed 
- computed 
Tube size dt , in. 
Fig. 6. variation of drop size with the tube di-
. . 
ameter. 
proposed raindrop producer indicate that stream- 
ing occurs a t  rainfall intensities as low as 27 
in./hr. The dashed and dotted curves in Figure 5 
representing the actual process are therefore 
drawn to intersect a t  this intensity. 
Drop sixes. As discussed above, f ree-f orming 
raindrops are produced when F, + F ,  = F,. 
Since F,  is relatively small, it 'may be assumed 
that the drops are formed when F ,  = Fa.  
When F,  given by (5)) is equal to the weight of 
a drop, the diameter of the drop in inches is 
As the usual practice is to express the diameter 
of raindrops in millimeters, (6) expressed in 
millimeters is 
d = 61.0(adt)" (7)  
This equation is plotted in Figure 6, which in 
general shows good agreement with our observed 
data and those of Mutcheler [I9621 and Mutch-
ler and Moldenhauer [1962]. In the experiment, 
the drop size produced through polyethylene 
tubes of 0.023 in. ID was 3.20 wn, whereas the 
size calculated by (7) is 2.96 mm. These sizes 
are well within the size range of natural rain- 
&drops and occur most frequently in rainfall inten- 
sities of 4 in./hr [Laws and Parsons, 19431. 
Mutchler and Moldenhauer's data deviate a t  
large tube sizes because the tubes they used were 
nonuniforrnly tapered and the high intensities 
they used increased F,  and thus reduced the 
drop size. According to McDonald [1954], other 
factors beside the surface tension and hydrostatic 
pressures may affect the drop shape and size; 
they include external aerodynamic pressures, 
electrostatic charges, and internal circulation. 
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Rainfall intensity, in./hr 
Fig. 7. Variation of drop- size with rainfall intensity. 
These factors may also account for, to various 
extents, the difference between the theoretical 
and observed values. 
In the above discussion, Fv is assumed to be 
zero and the drops are free-forming. As rainfall 
intensity increases, F, also increases to such an 
extent that i t  cannot be ignored. In such cases, 
the drops are formed according to F, = Fa -
Fv- The size of the drop can be computed from 
the weight F,. From the theoretical curves of 
Fsand F,, the computed size dt in millimeters is 
shown in Figure 7.  The size for the assumed 
actual curves of F g  and F, is shown by a dashed 
line in the same figure. It can be seen that no 
drops would be formed a t  an intensity of 2'9 
in./hr a t  which F, = Fv.  At higher intensities 
than this, a continuous stream of water would 
be produced. 
Drop velocities. In any study involving the 
distribution of rainfall over a given area, con- 
sideration should be given to the velocity of the 
falling raindrop, particularly in connection with 
studies of erosion, impact effects of raindrops, 
etc. Many hydrodynamical analyses of raindrop 
velocities have been made [Dryden et  al., 19561 
in which various forces considered include grav- 
ity, drag, wind shear, and buoyancy. For indoor 
experimentation, the effect of wind shear may 
Height of fall,  f t  

Fig. 8. Velocities of 32-rnm drops at given falls. 
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be ignored. If the effect of buoyancy is assumed or k = g/Vt2, the solution of (11) is 
to be insignificant, the major forces to be taken 
into aecount may include only gravity and drag. 
As a raindrop falls from rest it alters its shape 
from a sphere to a hemisphere. During the fall, 
the raindrop undergoes a transition in shape to 
attain a form commensurate with the forces of 
drag and pressure distribution resulting from this 
drag. The attempt to bring these forces into 
equilibrium causes the drop to oscillate some- 
what in shape formation. For the purpose of 
estimating terminal velocities, however, such 
oscillations may be ignored, and it may be as- 
sumed that the drop attains a terminal shape of 
a hemisphere. This approximate shape has been 
shown by- Magono [I954J and Prandtl [1942]. 
By equating the weight of the drop to the drag 
on the terminal shape of the drop, we can ex- 
press the terminal velocity in feet per second as 
where p is the mass density of air that may 
assume an average value of 0.0024 lb sec'/ft4 un- 
der normal temperature; Cd is the drag coeffi- 
cient, assuming a value of 0.4 for a hemisphere; 
dl is the diameter of the transformed hemisphere 
which is geometrically equal to 1.25d. For a drop 
size of 3.2 mrn as produced from a tube of 
0.023-in. ID in the experiment, (8) gives a 
terminal velocity of 24.2 ft/sec. If the terminal 
shape of the drop is assumed to be spherical, the 
computed value of the terminal velocity is 30.2 
ft/sec. 
Since the drag is proportional to the square 
of the velocity, it may be assumed that the 
acceleration a of a raindrop is equal to the gravi- 
tational acceleration g reduced by an amount 
proportional to the drag, or 
where k is theoretically a function of the Rey- 
nolds number and shape but, for practical pur- 
poses, may be assumed approsimately constant. 
The acceleration may be expressed as 
Eliminating a from (9) and (10) gives 
Since V = 0 at x = 0, and V = V ,when a = 0 
v = V,[I - exp (-2gz/Vt 2)]1/2 (12) , 
This equation provides the relationship between 
the &stance x and the velocity V at  x for a 
known terminal velocity. 
If the terminal shape of the drop is assumed 
to be a sphere and also a hemisphere, (12) pro- 7 
duces t'he dashed curves shown in Figure 8. In  1 1
the same figure, the full curve represents the 
relationship between the drop velocity and the 
distance from the origin as interpolated from 
the data given by Laws [I9411 for natural rain- 
drops 3.2 mm in size. The Laws curve lies 
between the dashed curves that serve as the 
basis of upper and lower velocity bounds for 
a raindrop of given size. Of course, Laws' curve 
represents a more or less average condition, as 
he noted that raindrop velocities sometimes 
exceeded the velocity represented by his curve. 
This overshoot was attributed to nonattainment 
of the terminal hemispherical shape. In labora- 
tory experiments height limitations for the pro- 
posed installation will be of the order of 8 do 10 
feet. Figure 8 shows that at such heights it 
makes little difference whether the terminal 
shape of the drop is considered as a sphere or 
as a hemisphere. 
Velocities for 3.2-mm drops as produced in 
the experiment through a total fall of 40 in. were 
determined photographically. These velocities 
are plotted as dots in Figure 8, and they appear 
to show good agreement with the theoretical as 
well as the Laws curves. 
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